Aortic root dilation and propensity to dissection are typical manifestations of the Marfan Syndrome (MS), a genetic defect leading to the degeneration of the elastic fibres. Dilation affects the structure of the flow and, in turn, altered flow may play a role in vessel dilation, generation of aneurysms, and dissection. The aim of the present work is the investigation invitro of the fluid dynamic modifications occurring as a consequence of the morphological changes typically induced in the aortic root by MS. A mock-loop reproducing the left ventricle outflow tract and the aortic root was used to measure time resolved velocity maps on a longitudinal symmetry plane of the aortic root. Two dilated model aortas, designed to resemble morphological characteristics typically observed in MS patients, have been compared to a reference, healthy geometry. The aortic model was designed to quantitatively reproduce the change of aortic distensibility caused by MS. Results demonstrate that vorticity released from the valve leaflets, and possibly accumulating in the root, plays a fundamental role in redirecting the systolic jet issued from the aortic valve. The altered systolic flow also determines a different residual flow during the diastole.
Introduction
Marfan syndrome (MS) is an heritable connective tissue disorder with major manifestations in the ocular, skeletal and cardiovascular systems, mostly related to mutations in the gene coding for fibrillin which causes degeneration of elastic fibres (Pyeritz, 2000) . Cardiovascular involvement includes aortic root dilatation and dissection, aortic valve regurgitation, mitral valve prolapse and regurgitation. In fact, mutant fibrillin causes the degeneration of elastic fibres, which results in vessel dilation, decreased thickness and increased stiffness of the arterial walls (Hirata et al., 1991; Savolainen et al., 1992; Teixido-Tura et al., 2014) . These factors together concur to the dramatic rise of mural stress: associated complications, such as dissection, are the primary causes of premature death and morbidity (Murdoch et al., 1972; Westaby, 1999) . Life expectancy has significantly improved in the last 30 years, mainly because constant monitoring has allowed for effective preventive aortic root replacement (Mimoun et al., 2011) . Recently, a central role has been given to aortic root dilation in the diagnostic criteria and, at present, the indication to surgery is mainly based on the measure of the root diameter, which is well known to gradually increase in MS patients (Loeys et al., 2010; Nollen et al., 2004) . However, continuous improvement of the criteria for the indication for surgical intervention is crucial for a successful prevention of the complications without exposing patients to unnecessary risks. On one hand, results of Magnetic Resonance Imaging highlight the altered blood flow characteristics in MS (Geiger et al., 2012) . On the other hand, a number of studies indicate that fluid dynamics influences the progression of aortic dilation and aneurisms by changing the spatio-temporal variability of the wall shear stresses which, in turn, could affect endothelial function, and thus promote vascular remodelling (Cecchi et al., 2011; Pries et al., 2005; Reijer et al., 2010) , thus closing a feedback loop between fluid dynamics alterations and aortic dilation. Recently, Hope et al. (2013) highlighted the correlation between altered flow and the occurrence of an aortic dissection. Previous studies (Januzzi et al., 2004; Meijboom et al., 2005) have shown that, compared to other patients with an aortic dissection, dilation occurs more frequently in the aortic root and sinuses of Valsalva in patients with MS. Conversely, dilation in the aortic arch and descending aorta is comparable to that of other patients. Accordingly, dissection of type A (i.e. localised only in the ascending aorta, AAo) is more frequent in MS patients. Aortic flow has been extensively investigated by means of computational fluid-dynamics (De Tullio et al., 2009; Marom et al., 2013; Sturla et al., 2013; Tullio et al., 2011; Yun et al., 2014) , which nowadays permits the investigation of patient specific flows, though uncertainty remains in the definition of the constitutive equations of living tissues. Other studies have been performed in-vitro granting repeatability of the conditions at the cost of a schematic reproduction of morphology (Brücker et al., 2002; Chandran et al., 1985; Gülan et al., 2012; Hutchison et al., 2011; Leo et al., 2012; Lim et al., 2001; Yoganathan et al., 1979) . Recently, investigations have been carried out using passively driven, ex-vivo models (Leopaldi et al., 2012; Richards et al., 2009; Vismara et al., 2014) , which are optimal in reproducing realistic anatomy but suffers from individual variability and do not permit the application of image velocimetry techniques since they do not allow optical access to the flow. The main purpose of most of the studies about the fluid dynamics of the aortic root was to assess the performances of prosthetic valves. Furthermore, to the extent of the authors' knowledge, no investigations matching the variability of the aortic diameter during the cardiac cycle have been performed so far. Therefore, many aspects of the fluid dynamics of the aortic root in MS remain to be clarified.
The aim of the present study is to elucidate the alteration in the flow structure induced by the aortic root dilation and increased wall stiffness in Marfan patients since they could be potential prognostic markers for the evaluation of the evolution of the disease. Three model aortas made of silicone rubber, representing two typical aortic root dilations and a reference case, have been investigated in vitro and results in terms of velocity and vorticity are presented. In addition to geometry, the models reproduced the diameter variation during the cardiac cycle as observed in-vivo both in the MS and healthy case. Differences in the flow patterns are shown and discussed. Figure 1 shows a sketch of the Pulse Duplicator (PD) used during the experiments. It consists of a hydraulic loop where the impedance of vascular systemic net is mimicked following a lumped parameters approach, and the flow is generated by a deformable ventricle (figure 1, V) whose volume is controlled by a piston following an assigned motion law. The PD was initially developed for the study of the intraventricular flow and it is described in detail elsewhere (Domenichini et al., 2007; Espa et al., 2012; Fortini et al., 2013; Querzoli et al., 2010) . For the present study, it was equipped with a reproduction of the anatomic district between the left ventricle outflow tract and the aortic root. The model aortic root, made of silicon rubber, was placed inside a parallelepidedal chamber (figure 1, A C and figure 2) with Plexiglas walls (2.0 cm thick) and filled with water. A bio-prosthetic valve (27 mm, St. Jude Medical Biocor), was housed at the annulus (figure 1, A V ). Two piezoelectric transducers probed pressure just upstream and 6.5 D downstream of the valve, namely the ventricular (p v ) and aortic (p a ) pressure, respectively (D = 27mm indicates the diameter of the AAo). An electromagnetic flow-meter (F) recorded flow-rate just upstream from the aortic valve. Experimental parameters were tuned to fulfil dynamic similarity with a real world condition of 75 beats per minute and a 64 ml stroke volume (SV) by matching both Reynolds and Womersley number:
Materials and Methods
where U was the peak aortic velocity,  the kinematic viscosity and T the period of the cardiac cycle. Since the geometric scale ratio was 1:1 and the working fluid was water, whose kinematic viscosity ( = 10 -6 m/s 2 ) is about one third that of blood, similarity was obtained by expanding the period three times (T = 2.4 s) while keeping the SV constant at 64 ml. Table 1 Main dimensions of the three model aortic roots. an = aortic annulus, ra = aortic root diameter, aa = ascending aorta diameter, hs = height of sinuses of Valsalva
With these settings, peak velocity was U = 0.20 m/s, therefore, non-dimensional parameters resulted Re = 5400 and Wo = 17. Three silicon rubber aortic root models were moulded and tested (figure 2): the first, resembling the geometry of the healthy aorta (H), the second corresponding to a dilation of the sinuses of Valsalva (M1), and the third with an elongated shape of the dilated sinuses to obtain the typical pear-shaped aorta (M2). Main dimensions of the models are reported in table 1. In MS degeneration of elastic fibres causes a decreased distensibility of the AAo. This effect was reproduced by the PD, which was designed to control the percentage diameter changes during the cardiac cycle:
where D dia and D sys are the minimum and maximum diameter of the proximal aorta. The chamber containing the aortic root was connected by means of the resistance Ra (figure 1) to a vertical tube in communication with the atmosphere. As the water of the chamber flows out through the tube, the aortic root dilates, and vice-versa. Therefore, Ra was adjusted to match typical values of  max  identified by the analysis of invivo measurements reported in literature (Baumgartner et al., 2006 (Baumgartner et al., , 2005 Jeremy et al., 1994; Vitarelli et al., 2006) :  max = 13 for the healthy aorta and  max = 6 for the MS cases. It is worth noticing that, although most in-vitro studies described in literature made use of deformable models, no evidence of a quantitative reproduction of the aortic diameter variation during the cardiac cycle was found. All measurements where performed during 100 consecutive cycles, and phase averaged data will be presented hereafter. Investigations were carried out on a longitudinal plane of symmetry intersecting the commissure on one side, and the sinus of Valsalva on the other (see the panel on the left of figure 1 ). The measuring plane was illuminated by a 12 W, infrared laser and the working fluid was seeded with neutrally-buoyant particles (50 μm average diameter). Images were acquired by a high-speed camera (790 frames per second, 800×950 pixels, 0.06 mm per pixel, resolution). For the computation of the instantaneous aortic diameter, D a (t), images were thresholded, the walls were recognised, and their distance was computed in the section 2D downstream from the valve.
In figure 3 , the measured values of relative diameter variation, (t), during the whole cardiac cycle are plotted, while figures 4-6 show the ventricular and aortic pressure and flowrate for the three models. The systemic circulation impedance was tuned to attain in all cases a mean p a as high as 100 mmHg. %(t) is a maximum at t/T = 0.27, just after the peak flow-rate, in the healthy aorta, whereas the maximum is reached in the range t/T = 0.35 − 0.40 in the models M1 and M2, i.e. with a significant delay compared to the peak flowrate. Feature-Tracking algorithm (Cenedese et al., 2005) was used to measure the instantaneous two-dimensional velocity field by recognizing particle trajectories and interpolating velocity samples on a regular, 50×51, grid. Velocity and vorticity maps obtained by phase averaging over 100 cycles are presented and discussed below.
Results
In figures 7-9, the velocity fields are shown at three salient points of the cardiac cycle: t/T = 0.17, corresponding to the phase of accelerated systolic ejection, t/T = 0.22 when the flow-rate is a maximum and t/T = 0.50 at the end of the decelerated ejection. The velocity field, described in terms of streamlines (white lines) and velocity magnitude (colour map), is superimposed on an image of the investigation region taken at the same instant and showing the vessel walls (grey). The right wall corresponds to the centre of a sinus of Valsalva, the left corresponds to the commissure (see also the left panel in figure 1 ). Valve leaflets are clearly apparent on below. In the healthy model (H), at the accelerated ejection (t/T = 0.17) a jet is entering the aortic root. On the side of the commissure, the shear layer at the border of the jet generates a series of counter-clockwise rotating vortices which are advected downstream. Two of them are visible on the left of the jet in figure 7a . On the opposite side, a clockwise vortex is completely housed by the sinus of Valsalva. The series of vortices shed on the left side is interposed between the jet and the wall throughout the systolic ejection, thus highest velocities are observed on the side of the sinus. As a result, the jet impinges the wall on the side of the sinus just downstream from the sinotubular junction. This scenario is confirmed by the flow field at t/T = 0.22 (figure 7b).
4 Although the main jet is nearly central, a couple of vortices advected downstream are apparent on the left side. At the end of the systole (t/T = 0.5, figure 7c), the residual circulation is mainly counter-clockwise, with the core of the vortex in the AAo, at the downstream end of the investigated region. In the model aorta M1, a second recirculating vortex develops and remains on the left of the valve lumen both at the accelerated (t/T = 0.17, figure 8a ) and decelerated ejection (t/T = 0.22, figure 8b ). The jet is bent on the sinus side at the former instant, but it impinges the left wall at the latter instant. That last orientation of the jet prevails and generates a general clockwise circulation, centred at the height of the sinotubular junction, at the end of the systole (t/T = 0.5, figure 8c) . Also in the model aorta M2, a second vortex resides on the commissure side during the whole systolic ejection (figure 9a, and 9b). No vortex shedding is observed in this case. In this model the sinus is more elongated, thus a larger recirculation region finds room on the right side. Its effect seems to prevail during the whole systolic ejection thus the jet orientation is leftwards both at t/T = 0.17 and t/T = 0.22. At the end of the systole (figure 9c), the clockwise circulation of the right vortex prevails and dominates the whole aortic root.
Compared to the residual circulation characterising model M1, the centre of rotation is more proximal. The time evolution of the oscillation of the jet is described in figure 10 . Colour maps give a spatiotemporal representation of the velocity magnitude on the cross-flow section at the level of the sinotubular junction during the systole. The jet oscillates throughout the accelerated ejection in all the configurations. This seems to be the two-dimensional signature of the precession of the jet which possibly occurs in pipe flows through a sudden expansion (Cafiero et al., 2014) . Later, its orientation remains stable on one side. The period of the oscillations is about 0.06T long in the healthy and M1 cases, while slightly shorter (0.04T) in the model M2. Maps of figure 10 also show that the jet is mainly deflected towards the sinus side (left of the map) in the healthy aorta and towards the commissure side (right of the map) in the most dilated model (M2). In the intermediated case (M1), the jet oscillates nearly symmetrically from the systolic peak, and then it bends leftwards. The different behaviour of the vorticity released from the valve leaflets is highlighted in figure 11 , where the vorticity averaged over the systolic phase is plotted. In the healthy aorta (figure 11a), a red streak slightly inclined rightwards individuates the path followed by the positive vorticity released on the commissure side and advected downstream. Conversely, the negative vorticity released on the opposite side is confined in the sinus. In the most dilated aorta (M2, figure 11c ), both positive and negative vorticity released from the leaflets remains within the aortic bulb, with no evidence of meaningful shedding on the left side. An intermediate condition is observed in the case M1, where some positive vorticity is hosted in the bulb, but the signature of significant vortex downstream advection is apparent ( figure 11b ). The dynamics of the valve has been measured from the visual inspection of the high-speed images used for velocity measurements. The leaflets begin opening and end closing nearly at the same time irrespective of the dilation (opening starts at t/T = 0.044 ± 0.002 and closing ends at t/T = 0.432 ± 0.003). However, leaflets begin closure earlier in the dilated aortas (t/T = 0.371, 0.366 and 0.323 for model H, M1 and M2, respectively). As a consequence, the closure time is about twice longer in the most dilated model (the duration of the closure is t/T = 0.063 ± 0.001 for model H and M1, and t/T = 0.111 for model M2).
Discussion
The analysis of flow patterns in both the MS and the healthy models shows that the jet originating from the aortic valve exhibits a phase of oscillations during the accelerated ejection, irrespective of the model aorta. Similar oscillations have been described for steady confined jets (Kolšek et al., 2007; Maurel et al., 1996) . The non-dimensional period of these oscillations, i.e. the Strouhal number, St = D/(U·T o ) (T o indicates the period of the jet oscillations) is about St = 0.9 and does not seem to be meaningfully affected by the dilation of the aortic root. However, root dilation typical of MS causes a different reorientation of the jet: during the accelerated ejection the jet is mainly orientated towards the side of the sinus in the healthy aorta, and towards the commissure side in the most dilated aorta (M2); whereas oscillations are equally distributed on both sides in the case M1. The redirection is triggered by the evolution of the vorticity shed from the valve leaflets. On the side of the sinus of Valsalva (right-side of the colour maps, figures 7-9 and 11) the vorticity accumulates in the sinus forming an almost steady vortex, whose size is increased in dilated aortic roots. This behaviour is similar in all three test cases. A different behaviour is observed on the side of the commissure. In the healthy root (H), the vorticity released on the commissure side do not find an expansion in which to form a steady vortex; thus small vortices are advected downstream, partially obstructing the aortic lumen and deflecting the main jet which impinges the vessel wall on the side of the sinus (figures 7a, 11a). Conversely, in the dilated root model M2, the vorticity finds room to accumulate in a steady vortex also on the side of the commissure because in this case the dilation involves the whole root circumference. At the same time, the dilated sinus hosts a larger and stable vortex which tends to deflect the main jet on the opposite (commissure) side (figures 9a, 10a). An intermediate condition is observed in the model M1, where the jet oscillates almost symmetrically on both sides (figures 8a, 8b and 10b). The redirection of the transvalvular jet is consistent with the MRI in vivo measurements by Geiger et al. (2013) , and possibly triggers the onset of the helical flow in AAo they observe to be correlated with the dilation of the sinuses of Valsalva. Present experiments were not designed for quantitatively computing wall shear stresses. However, previous computational fluid-dynamics studies, combined with histological analyses, gave evidence of aortic wall thinning and damaging in regions of hemodynamic jet impact, where highest shear stresses are likely to be found (Torii et al., 2013) . Therefore, above results indicate that the zone at higher risk of damage progressively moves from the sinus-side, in the healthy aorta, to the commissure-side as the dilation increases. This argument is also supported by the asymmetry in the distributions of shear stresses in the proximal AAo of a healthy volunteer and a MS patient after a valve-sparing aortic replacement evaluated from MRI data (Hope et al., 2013) . The amplitude of the jet oscillations decreases rapidly during the decelerated ejection, and the jet tends to permanently flow on the side of the sinus, which is different in the healthy aorta (sinus side, figure 10a ) and in the dilated aortas M1 and M2 (commissure side, figures 10a and 10b).
Comparison of the flow patterns with the dynamics of the valve confirms that the vortices in the dilated sinuses promote an early and smooth closure of the leaflets (Kvitting et al., 2004) . In fact, the large, steady supravalvular vortices observed in the case M2 anticipate the beginning of the closure and, correspondingly, nearly double the time taken by the leaflets to close compared to the other cases. The dilation of the aortic annulus, which has been proved to enhance the leaflet stresses, thus increasing the risk of valve injury and malfunction (Grande et al., 2000) , is not reproduced in the present experiments. The altered systolic flow also leads to different residual flow patterns during the diastole. At the end of the systole, the healthy root exhibits an overall counter-clockwise circulation (figure 7c), whereas the circulation is clockwise in both the dilated roots (figures 8c, 9c). It is worth noticing that the variations in the flow pattern may potentially affect the feeding of the coronaries, which occurs during this phase of the cycle.
